Introduction
As sessile organisms, plants have to be able to quickly adapt to changes in their local environment. Part of this adaptability entails an exquisite ability to use directional cues to guide organ growth towards regions that are better suited for function in photosynthesis, gas exchange or reproduction for shoots, and plant anchoring as well as water and nutrient uptake for roots. Shoots have to orient upward early after germination to access light before seed reserves are exhausted, whereas roots have to grow downward into the soil, to access nutrients and water. These general growth patterns relative to the vector of gravity are maintained throughout the plant's life, with occasional corrections dictated by developmental or environmental cues.
Plant organs grow using a combination of cell division in the meristems and cell elongation in subapical regions called 'elongation zones'. This process is regulated by endogenous and environmental cues, including gravity. While primary roots tend to grow toward the vector of gravity, most primary shoots grow against it. Lateral organs, on the other hand, emerge from the primary organs in a stereotypical manner, but they quickly realign to follow a preferred angle from the vertical called the 'gravity set point angle' (GSA). This process of lateral outgrowth from the primary axis allows better exploration of the environment for acquisition of local resources. Hence, distinct plant organs will respond to gravity very differently, growing at GSAs that are organ-specific and can be modified by developmental, hormonal or environmental cues. Overall, gravitropism can be viewed as a strategy that allows plant organs to reach out for scarce underground and above-ground resources.
Gravitropism is a complex process that involves several steps: gravity sensing and signal transduction within the statocytes; signal translocation to the responding zone; and curvature response, allowing resumed growth along a predefined GSA (Figure 1 ). In this review, we discuss our current knowledge of the molecular mechanisms that govern each phase of the process in primary and lateral roots of angiosperms.
Amyloplast Statoliths in Gravity Sensing
Roots are a good model to investigate the molecular mechanisms that govern gravitropism, because many experiments have demonstrated a physical separation between the primary site of gravity sensing (the root cap) and the region of curvature response (the elongation zone; Figure 2 ). Gravity sensing occurs primarily in the cap, an organ that covers the root apical meristem. Deleting the root cap [1] , altering groups of cap cells with heavy-ion microbeam irradiation [2] , or killing the cap by genetic ablation [3] all result in a loss of root gravitropism. Furthermore, ablating the central columella cells alters root gravisensitivity, an experiment that identified the first two tiers of columella cells as main contributors to root gravisensing in Arabidopsis thaliana [4] . The root-cap columella cells are large. Their central cytoplasm is depleted of organelles and bundled cytoskeleton elements. Their nucleus is positioned in the shootward half, and the endoplasmic reticulum (ER) lines the periphery, as do most other organelles. Starch-filled plastids (called 'amyloplasts' or 'statoliths') settle to the bottom under the influence of gravity ( Figure 3 ) [5] . This is because the starch in the amyloplasts has a density of 1.5g/cm 3 , whereas the surrounding cytoplasm has a density of approximately 1.02-1.1g/cm 3 [6] [7] [8] . Multiple experiments have demonstrated that upon plant reorientation within the gravity field, amyloplasts do sediment, triggering a transduction pathway that ultimately leads to a downward curvature [8] (Figures 2 and 3) . Investigations of gravitropism in starchless and starch-deficient mutants support a role for amyloplast sedimentation in gravity sensing. Root-cap amyloplasts of starchless mutants are less dense than wild type. Consequently, they do not sediment under 1g, and this phenotype correlates with altered gravitropism [9] [10] [11] [12] . In starch-deficient mutants, amyloplasts still contain a limited amount of starch, which somewhat increases their density, though not enough to allow sedimentation and full responsiveness to gravity. When larger forces are applied by centrifugation, these amyloplasts sediment, and the plant regains gravitropism [13] . Conversely, mutations such as sex1 in Arabidopsis thaliana, which affects a starch-degrading enzyme, or conditions that result in larger amyloplasts, are associated with greater sensitivity to gravity [14] . In addition, magnetophoretic displacement of amyloplasts in the statocytes of vertically oriented seedlings resulted in a curvature of the root tip in a direction predicted by amyloplast displacement [15] .
In conclusion, there is experimental support for a role of amyloplast sedimentation in gravisensing. Yet, these statoliths are not completely free to sediment within the statocytes. A dynamic actin-filament network is also present, which appears to interact transiently with the amyloplasts. This interaction results in saltatory movements that may fine-tune the gravitropic response [5, 16] . Importantly, plants treated with agents that destabilize actin filaments display enhanced kinetics of gravitropism, increased gravisensitivity and gravitropic-signal persistence leading to overshooting the vertical at the end of a response [17, 18] . Similarly, mutations that affect actin dynamics, such as distorted1, lead to slower kinetics of gravitropism [16] .
Amyloplast sedimentation in the root-cap statocytes may be the primary but not the only mechanism of gravisensing in roots. In fact, there is evidence for a secondary mechanism of gravisensing located in the distal elongation zone [19, 20] . Furthermore, in maize seedlings, decapped roots remain somewhat gravitropic, a response that can be enhanced by disrupting actin filaments or manipulating myosin activity [21] . Because cells in this region do not contain sedimenting amyloplasts, gravity sensing was proposed to involve detection of the pressure exerted by the protoplast on its wall.
Gravity Sensing in the Statocytes Involves Unknown Receptors
Two models have been proposed to describe the transduction of information derived from amyloplast sedimentation within the statocytes into a biochemical signal that is responsible for the gravitropic curvature. The first model suggests that sedimenting statoliths exert a pressure on sensitive membranes on the inside of the statocytes, triggering the opening of mechano-sensitive ion channels [22] . A second model postulates the existence of ligands on the surface of sedimenting plastids. These ligands would interact with receptors located within sensitive membranes on the side of the statocytes [23] . In both models, activation of a transduction pathway will ultimately lead to lateral auxin transport across the stimulated organ.
Unfortunately, few molecules have been identified so far as contributing to either one of these models. The first model suggests a role for mechanosensitive ion channels in gravity sensing. However, none of the plant mechanosensitive ion channels identified so far have been shown to contribute to gravitropism [24, 25] . On the other hand, experiments involving the transgenic AEQUORIN Ca 2+ -reporter system demonstrated the existence of biphasic spikes in cytosolic Ca 2+ within seconds of gravity sensing [26, 27] . Unfortunately, these Ca 2+ spikes derived mainly from hypocotyls and petioles, not roots, and they could not be assigned to specific cell types [27] . -channel blockers resulted in altered gravitropism [28] . Furthermore, treatments with inhibitors of calmodulin and/or Ca 2+ /calmodulindependent protein kinases (such as KN-93), led to altered root gravitropism in corn [29] . Unfortunately, the temporal and spatial resolution of these earlier studies was insufficient to resolve which phase of gravitropism is affected by Ca
2+
. In fact, more recent experiments in Arabidopsis documented a participation of Ca 2+ in modulating the differential changes in extracellular pH that occur between top and bottom sides of gravistimulated roots, around the elongation zone, in response to auxin [30] . Inositol 1,4,5-trisphosphate (InsP 3 ) has been identified as a potential gravity signal transducer, which may be consistent with a role for Ca 2+ in gravity signaling. InsP 3 levels were found to first fluctuate, then increase at the bottom half of oat coleoptiles and Arabidopsis inflorescence stems upon gravity sensing [31] . Overexpression of human inositol trisphosphatase, which hydrolyzes InsP 3 , in Arabidopsis roots, stems and hypocotyls caused altered gravitropism [31] . Similarly, inhibiting the synthesis of InsP 3 with U73122 (a phospholipase C inhibitor) led to altered root gravitropism [32] . However, mutations affecting the Arabidopsis INOSITOL POLYPHOSPHATE 5-PHOSPHATASE 13 gene, enhanced gravitropism while reducing endomembrane trafficking [33] . Altogether, these data are consistent with a role for InsP 3 in gravity signaling. Whether this regulatory process occurs early in the transduction pathway within the statocytes, or late during auxin-gradient translocation to the elongation zone or curvature-response, remains unclear [31] . Furthermore, the connection between InsP 3 and Ca 2+ signaling is less clear in plants than in animals [34] .
The ligand-receptor model of gravity sensing remains largely unexplored in angiosperms. This model emerged from experiments aimed at investigating the gravitropic response of single-cell rhizoids from the green algae Chara. Simple contacts between sedimenting statoliths and sensitive membranes on the side of these cells were deemed sufficient for gravity sensing in this system [23] . While minimal information is currently available on the molecular nature of the gravitropic receptors within the statocytes, the pathway they activate is known to lead to an asymmetrical redistribution of auxin across the root tip.
Gravity Sensing Promotes Formation of a Lateral Auxin Gradient
Auxin is a central plant hormone that has been shown to contribute to multiple facets of plant growth, development and response to the environment, including gravitropism. Biochemical quantification of auxin levels as well as in vivo expression analyses using biological sensors of auxin response or auxin-levels [8] have revealed the existence of lateral auxin gradients across the tip of roots stimulated by gravity. Differential reporter expression between upper and lower halves of roots stimulated by gravity is first visible in the lateral cap, and then expands into the elongation zone [35] [36] [37] [38] . Hence, gravity sensing promotes a change in the polarity of lateral auxin transport across the root cap. Mostly synthesized in young shoot tissues, auxin is transported towards the root tip, where it accumulates in the quiescent-center cells and upper tiers of the root-cap columella. From this center, auxin is redistributed radially to more peripheral tissues of the cap, and then transported towards the shoot elongation zone where it inhibits cell elongation ( Figure 2 ) [8] . Auxin transport occurs through columns of cells. Each cell within a column takes up auxin from the apoplast and exports it in a polar fashion. Because the main form of auxin, indole-3-acetic acid (IAA), is a weak acid, a significant fraction of it is protonated in the acidic apoplast (pH 5.6), forming an uncharged molecule that can diffuse through the plasma membrane [39] . Additionally, auxin influx carriers of the AUX1/LAX family are embedded in the plasma membrane, where they contribute to auxin uptake [40] . In the cytoplasm, which is at neutral pH, most auxin molecules take the ionic form, which is unable to diffuse back through the membrane. Therefore, efflux carriers are needed for auxin export from the cell. These include members of the PIN family as well as P-glycoprotein-type transporters (such as AtPGP1 and AtPGP19 in Arabidopsis [41, 42] ). The polarity of auxin transport through cell files is conditioned by the localization of PIN proteins within transporting cells. In Arabidopsis roots the PIN1, PIN3, PIN4 and PIN7 proteins contribute to rootward auxin transport through pro-vasculature cell files. By contrast, the PIN2 protein contributes to the shootward transport of auxin within peripheral tissues, toward the elongation zone. The PIN2 gene is expressed in lateral-cap, epidermal and cortical cells of the root tip, generating a protein that localizes on the shootward facing side of the lateral-cap and epidermal cells, moving auxin in a shootward direction, and on the rootward facing side of the cortical cells in the distal elongation zone, therefore contributing to a reflux of auxin from the shootward stream back to the root tip ( Figure 2 ) [43] .
Connecting the rootward flow of auxin at the center of the root to the peripheral shootward path is an auxin redistribution system that functions in the columella cells of the root cap (the statocytes). Here, the PIN3 and PIN7 genes are expressed in overlapping domains (AtPIN3 in the upper two tiers of columella cells, and AtPIN7 in tiers 2 and 3; Figure 2 ). This expression pattern is modulated by R2R3-MYB-type transcription factors FOUR LIPS (FLP) and its paralog MYB88, and is critical for normal gravitropism in both primary and lateral roots [44] [45] [46] . The PIN3 and PIN7 proteins are targeted uniformly to the plasma membrane in vertically oriented roots, allowing for symmetrical auxin redistribution to the lateral cap. Upon reorientation within the gravity field, these PIN proteins quickly localize to the lower side of the statocytes. This polarization was suggested to drive auxin toward the lower flank of the root cap ( Figure 3 ) [44, 45] . Gravity sensing induces PIN3/7 protein localization to the bottom side of the statocytes, which appears to be mediated by a transcytotic mechanism regulated by PIN-protein phosphorylation. It is dependent upon small GTPases of the ADP-ribosylation factor (ARF) type, associated with GNOM-type GDP/GTP exchange factors (GEFs) [45, 47] . This system is sensitive to Brefeldin A (BFA), an inhibitor of GNOM activity. When BFA is added to the medium, the PIN proteins cannot relocalize to the lower side of statocytes. Lateral auxin gradients do not form, and root gravitropism is inhibited [45] . While these observations are truly exciting, it is also important to recognize that the process of PIN3/7 relocalization within the statocytes upon gravity sensing is neither essential nor sufficient. Not all roots stimulated by gravity will display evidence of PIN3/7 relocalization [48] . Furthermore, when a root shows some evidence of statocyte polarization, not all statocytes within that root will be polarized [48] . Also, while pin3 and pin7 single mutants show a slight alteration in gravitropism, and the double mutants display a stronger gravitropism defect, the alteration is weaker than one would expect if these two proteins were the most significant contributors to the process. Given the discrepancy discussed above, other transporters may be important for gravity signal transduction. It is also possible that gravity-sensing-induced PIN3/7 relocalization is a consequence of differential activation of auxin efflux on the bottom side of the statocytes, rather than, or in addition to, serving as a driver for this process [48] . As discussed below, higher auxin levels in the apoplast have been associated with increased retention of auxin-efflux transporters within the plasma membrane [49] . One of the faster electrophysiological processes displayed by the statocytes in response to gravity sensing may also contribute to the regulation of auxin transport in the root tip. Upon onset of gravity sensing, the statocytes display a rapid increase in cytoplasmic pH that is accompanied by an acidification of the apoplast (Figure 3 ) [50] . This gravity-sensing-induced cytoplasmic alkalinization may be due to an activation of plasma membrane-associated proton pumps or vacuolar ATPases. It is critical for full responsiveness to gravity, possibly by decreasing the fraction of ionized auxin in the apoplast and facilitating its mobility through auxin transporters [50] .
Gravity-Signal Transducers Contribute to Vesicular Trafficking and Plastid Function
The cytoplasmic alkalinization, PIN3/7 relocalization within the statocytes, and lateral auxin-gradient formation across the root tip upon gravity sensing, can all be used as cellular markers to distinguish mutations that affect early steps of gravity signal transduction in the statocytes from those that affect signal translocation to the elongation zone or the curvature response. The first Arabidopsis mutations found to alter at the same time root gravitropism, gravity-sensing-induced cytoplasmic alkalinization, PIN3 relocalization and lateral auxin gradient formation upon gravity sensing affected two genes that encode paralogous proteins named ALTERED RESPONSE TO GRAVITY 1 (ARG1) and ARG1-LIKE2 (ARL2). arg1 and arl2 mutant seedlings showed altered root and hypocotyl gravitropism associated with wild-type phototropic responses. Mutant seedlings displayed wild-type root-growth responses to auxin and auxin-transport inhibitors, and their statocytes contained starch-filled amyloplasts that sedimented like wild type [48, 51] . ARG1 and ARL2 encode J-domain proteins with a coiled coil domain at their carboxyl terminus. These peripheral membrane proteins were found to associate with multiple compartments of the vesicle trafficking pathway, including the plasma membrane, ER, Golgi and the endosome, where they may regulate vesicular trafficking, hence PIN protein relocalization in the statocytes upon gravity sensing [48, 51] .
Because arg1 mutant seedlings display only partial defects in root and hypocotyl gravitropism, a secondary screen for genetic enhancers of arg1 was carried out, identifying plants with enhanced gravitropism defects relative to arg1. modifier of arg1-1 (mar1-1) carried a missense mutation in TOC75, a gene that encodes the channel component of plastidic TRANSLOCON ON THE OUTER CHLOROPLAST MEMBRANE (TOC) complex, which mediates the import of cytoplasmic proteins through the outer membrane of plastids. mar2-1 carries a missense mutation in TOC132, which encodes another component of the same TOC complex [52] . These two mar mutations do not obliterate TOC's function as protein importer. In fact, mutant root-cap amyloplasts accumulate starch like wild-type, and they sedimented at wild-type rates upon gravity sensing. These data suggest a role for amyloplasts in gravity signal transduction that goes beyond their ability to sediment as statoliths [52, 53] . A differential proteomic analysis comparing wild-type and toc132 mutant roots identified candidate gravity signal transducers, whose functions remain to be characterized [53] .
Another proteomic analysis of gravity-responding root tips identified ADENOSINE KINASE 1 (ADK1) as a possible gravity signal transducer. This enzyme catalyzes the phosphorylation of adenosine, a metabolite that is produced by the methyl-donor (AdoMet) cycle as well as the metabolism of nucleic acids. A mutation in the ADK1 gene strongly alters root gravitropism, a phenotype associated with altered PIN3 protein localization in Molecular changes that occur in a second-tier columella cell of the root cap (asterisk in Figure 2 ) before gravity sensing and at different times following seedling reorientation within the gravity field. The approximate time elapsed after reorientation is indicated at the top left of each panel.
For each reported time point, root-tip orientation and curvature are illustrated by a representative picture at the bottom right of the panel. Quickly sedimenting amyloplasts are shown by grey circles. The fast change in cytoplasmic pH that occurs in the columella cell in response to gravistimulation is shown by a change of color, from pink/purple (which represents the resting pH of 7.1) to red (representing an alkaline pH of 7.6).
The gravity-induced changes in directional auxin efflux from the cell are represented by changes in the widths of the red arrows (15m panel). Each arrow represents the auxin efflux in the direction indicated by the arrowhead. The illustrated increase in downward auxin efflux from this statocyte derives from a relocalization of the PIN3 (green symbol) and PIN7 (blue symbol) auxin efflux carriers to the lower side of the cell. The last two panels (3h and 6h) show the same columella cell after the root tip has passed the tipping-point angle of 50 from the gravity vector. Amyloplasts have returned to their initial distal side of the statocyte. The PIN3 and PIN7 proteins have returned to symmetrical distribution on all sides of the cell, and auxin flow is no longer asymmetrical. the root cap. However, this mutant still displays significant alkalinization of the statocytes' cytoplasm upon gravity sensing. Hence, ADK1 appears to modulate a step of gravity-signal transduction that controls PIN-protein localization within the statocytes, but does not contribute to the cytoplasmic pH response [54] .
Work in the legume model Medicago truncatula led to the identification of another gravity signal transducer associated with root gravitropism. A mutant was identified whose roots tend to grow upward, out of the soil. Named negative gravitropic response of roots (ngr), the mutation was found to affect a gene that encodes a hypothetical protein of unknown function [55] . In Arabidopsis, three genes encode similar proteins (AtNGR1, 2 and 3) , and the roots of ngr1 ngr2 ngr3 triple mutants are negatively gravitropic. These triple mutant roots display a wider distribution of tip angles relative to wild-type, suggesting a deficiency in both gravity sensing and signal response [55] . More work is needed to better understand the molecular function of these interesting proteins.
Auxin-Gradient Maintenance Along the Root Tip
The mechanisms discussed above allow establishment of a lateral auxin gradient across the root cap upon gravity sensing. Yet, the initial phases of curvature response occur at the distal side of the elongation zone. This implies a need for translocation of the gravity-induced lateral auxin gradient along the root tip, and its maintenance during translocation. The machinery that mediates both processes is complex.
As discussed earlier, the shootward flow of auxin in roots occurs through the lateral cap, epidermis and cortex. In Arabidopsis, auxin uptake by these peripheral-tissue cells is mostly mediated by AUX1 whereas its efflux involves PIN2, along with members of the p-glycoprotein family. The direction of transport is controlled by the polar localization of PIN2 in transporting cells: shootward in lateral-cap and epidermal cells, rootward in the cortical cells at the distal elongation zone [56] . Both the shootward flow of auxin and its reflux toward the tip are critical for an efficient gravitropic response [56] . Reversible phosphorylation of PIN2 plays a key role in its localization within transporting cells. The serine/threonine protein kinase PINOID (PID) contributes to PIN2 phosphorylation, whereas type-IIA protein phosphatase complexes (PP2A) contribute to its dephosphorylation. The polar distribution of PIN2 is determined by the antagonistic action of the two enzymes: rootward when phosphorylated, and shootward when dephosphorylated. Similarly, PID-like protein kinases WAG1 and WAG2, as well as D6-type protein kinases, also contribute to PIN-protein phosphorylation, thereby affecting their polar association with the plasma membrane and root gravitropism [57, 58] .
Importantly, auxin itself has been found to promote PIN-protein maintenance within the plasma membrane [49] . This process has an important impact on root gravitropism. As the lateral auxin gradient generated across the cap by gravity sensing progresses rootward toward the elongation zone, the lateral-cap, epidermal and cortical cells are exposed to higher levels of auxin on the lower side of the root than on the topside. Consequently, the increased level of auxin present on the lower side leads to PIN2-protein retention within the plasma membrane, facilitating auxin transport, whereas a decreased level of auxin at the top flank favors PIN2-protein internalization and degradation in the vacuole. Therefore, the gravity-induced lateral auxin gradient becomes increasingly pronounced as it progresses toward the elongation zone [49] .
The molecular mechanisms that modulate auxin-dependent suppression of PIN2 internalization and its association with the plasma membrane have been investigated. The ROP6-GTPase, associated guanine nucleotide exchange factor SPIKE1 (SPK1), and the RIC1 effector are involved [59, 60] . In this system, SPK1 is needed for auxin-based activation of ROP6-GTPase. Furthermore, a phospholipase Dz2 may also contribute as mutations in the corresponding gene affect PIN2 cycling, whereas treatments with a phospholipase Dz2 inhibitor affect gravitropism [59, 60] .
Indirect processes also contribute to auxin-dependent modulation of PIN2-protein maintenance. For instance, increased auxin levels at the bottom side have been shown to promote the expression of auxin-responsive genes, including two that encode the small signaling peptides named GOLVEN1 (GLV1) and GLV2. These GOLVEN peptides have been shown to modulate PIN2 association with the plasma membrane. Hence, differential expression of the GLV genes in epidermal and cortical cells between upper and lower halves of root tips stimulated by gravity results in differential PIN2 association with the plasma membrane between the two flanks, thereby controlling the relative rates of polar auxin transport between sides [61] .
Although PIN2 is clearly a key modulator of gravity signal translocation between cap and elongation zone in roots, it is neither essential nor sufficient. Indeed, Arabidopsis pin2 mutant roots have not completely lost gravitropism [8] . This implies that PIN2 function may be fulfilled by other transporters. P-glycoprotein-type transporters, which use ATP hydrolysis to carry specific molecules through membranes, may fulfill this redundant auxin-transport function. In Arabidopsis, the AtPGP1 and AtPGP19 genes are expressed in the root elongation zone. Functional studies in plant protoplasts, yeasts and mammalian cells have demonstrated their ability to transport auxin [42, 62] . Furthermore, pgp19 single mutants and pgp1 pgp19 double mutants exhibit reduced basipetal auxin transport [63] . Surprisingly, these mutants display an enhancement of gravitropism and phototropism. This phenotype is consistent with the PGP genes being expressed more proximally (shootward) than PIN2 in the root tip, implying that pgp1 pgp19 mutant roots will develop a stronger auxin gradient across the distal elongation zone relative to wild type [41, 64] .
While the efflux component of auxin transport confers polarity to the system, the influx carrier is critical for auxin-gradient maintenance in the root tip. The lateral auxin gradient generated across the root tip by gravity sensing involves a sufficiently large increase in auxin levels at the bottom side to increase the pH of the apoplast to values that significantly affect the pool of protonated auxin. Consequently, an auxin influx carrier, AUX1, is necessary to mediate enough auxin uptake for adequate shootward transport [30] . In agreement with this notion, mutations in AUX1 were shown to affect both auxin transport in the root tip and root gravitropism. Similarly, mutations in AXR4, a gene encoding an ER-targeted protein that is needed for proper AUX1 trafficking to the plasma membrane, also affected auxin transport and root gravitropism [65] . The AUX1 gene is expressed broadly in root-tip tissues including the provasculature, root-cap and epidermal cells. However, rescue experiments in the Arabidopsis root tip demonstrated a need for AUX1 activity in the lateral-cap and epidermal cells of the root meristem and elongation zone for proper function in gravitropism. Mathematical modeling supports this conclusion [37] .
The Curvature Response to Gravity Is Complex Approximately 10-15 minutes after the onset of gravity sensing in Arabidopsis, the distal side of the elongation zone begins to curve, involving differential cell elongation between upper and lower sides. This time frame is sufficient to allow the gravityinduced lateral auxin gradient generated across the cap to reach the responding zone (Figure 1 and 2) . In the elongation zone, the epidermis seems to be the main driver of curvature, as expression of the auxin-response repressor (axr3-1) in the epidermis is sufficient to obliterate the gravitropic response [37] .
The cellular response to auxin in the elongation zone is complex, possibly involving a combination of gene-expressiondependent and -independent processes. A fast response may involve the activation of ion channels. During root gravitropism, epidermal cell responses to differential auxin levels between upper and lower flanks of a root stimulated with gravity lead to Ca 2+ -dependent acidification of the cell wall on the upper side of the root, and its alkalinization on the lower side due to the activation of a plasma-membrane H + /OH -conductance [30, 66] .
Because increased acidity of the wall promotes the breakage of intermolecular cross-links by expansins and xyloglucan endotransglucosylases/hydrolases (XTHs) on the upper side, whereas alkalinization leads to increased cell-wall rigidity on the lower side, these fast responses may contribute to differential cell elongation and initial curvature [30, 67] . The auxin receptor for these fast responses was previously assumed to be AUXIN BINDING PROTEIN 1(ABP1). However, a lack of phenotypes associated with knockout abp1 mutations ruled out this possibility [68] . Plant organs also display slower responses to auxin that are associated with gene-expression changes. In this slower pathway, intracellular auxin interacts with an SCF-based ubiquitylation complex that contains the TIR1/AFB receptor. In the presence of auxin, this SCF TIR1/AFB complex interacts with and ubiquitylates a group of AUX/IAA proteins, targeting them to degradation by the proteasome. Because the AUX/IAA proteins serve as inhibitors of AUXIN RESPONSE FACTORS (transcription factors that regulate the expression of specific subgroups of target genes), auxin allows ARF-dependent regulation of target-gene expression, which contributes to the curvature response [69] [70] [71] . Participation of this system in root gravitropism is evidenced by the altered phenotype displayed by Arabidopsis tir1 mutants [69] [70] [71] .
Plants contain many genes that encode AUX/IAA (29 in Arabidopsis, for instance) and ARF proteins (23 in Arabidopsis). Each cell type expresses specific subsets of AUX/IAA and ARF genes. Furthermore, different AUX/IAA proteins display distinct binding preferences for different groups of ARF proteins. This combinatorial system leads to cell-specific regulation of gene expression in response to auxin. Some of the auxin-responsive genes expressed in the epidermis were shown to encode proteins that contribute to cell wall remodeling [37] . The SMALL AUXIN UP RNA (SAUR) genes, which are amongst the fastest auxin responders, were recently shown to encode small proteins that inhibit PP2C.D phosphatases, thereby activating plasma membrane proton ATPases and promoting cell expansion. These surprising results may suggest a more direct connection between the fast cellular responses to auxin described above and the better characterized slower transcriptomic responses summarized here [72] .
Other signaling molecules have also been implicated in the curvature response to gravity sensing. For instance, nitric oxide (NO), an inhibitor of auxin transport, accumulates on the lower side of roots where it modulates auxin signaling through S-nitrosylation of TIR1. This accumulation is auxin transport-dependent, and it can be triggered by auxin application [73] . Reactive oxygen species (ROS) have also been shown to accumulate at the bottom side of roots in an auxin-dependent manner, where they have been shown to modulate the gravitropic curvature [74] .
Careful spatio-temporal investigations of Arabidopsis root gravitropism following a 90 reorientation have recently been carried out, demonstrating that the auxin gradient generated across the root tip upon gravity sensing disappears when the tip reaches 50 from vertical. At this point in the gravitropic response, the statoliths have returned to their resting position at the distal side of the statocytes as a consequence of cellular morphology. Furthermore, the PIN3/7 proteins have returned to a symmetrical distribution on all sides of the statocytes, and the lateral auxin gradient has dissipated (Figure 3 ) [12] . This suggests that return to auxin symmetry during a gravity response is susceptible to a tipping-point mechanism that is triggered when the tip reaches a 50
angle from vertical. Yet, the root tip continues to curve after passing this tipping point, eventually reaching the vertical [12] . This implies that a second phase of curvature response to gravity sensing occurs in the absence of a lateral gradient of auxin, whose contributing mechanisms are unknown. Furthermore, the termination of this second phase of curvature remains uncharacterized [12] .
How About Lateral Roots?
Lateral roots develop from pericycle initials within the primary root, eventually emerging perpendicularly to it. After emergence, these laterals grow along a vector whose orientation relative to gravity depends upon the genotype and the local environment. In most species, the lateral roots will initially follow a GSA that is either horizontal (diagravitropism) or oblique (plagiogravitropism), straying away from the vertical (orthogravitropic) primary root to build a radiating system that better explores the soil for efficient acquisition of water and nutrients.
In Arabidopsis, lateral roots progressively acquire plagiogravitropism after emergence, a process that correlates with starch accumulation in the amyloplasts of the statocytes, and acquisition of an elongation zone [75] [76] [77] . Consequently, these roots progressively curve toward an initial GSA, which is rather shallow. Upon reaching this GSA, the young laterals straighten up and grow along this vector for a while. Subsequently, these laterals may start curving again, leaning toward positive orthogravitropism (vertically downward). If the initial phase of growth occurs along a shallow GSA for a long period of time, the root system will be shallow and radially expanded. If it initially reaches a steeper GSA and follows it for a shorter period before leaning toward positive orthogravitropism, the root system will be axial.
The latter root system may confer increased adaptability to drought whereas the former would allow better utilization of surface resources, such as phosphate [78] . The plagiogravitropic phase of young lateral root growth was proposed to result from an auxin-dependent antigravitropic offset mechanism that opposes gravitropism to regulate the distribution of auxin levels and response between upper and lower sides of the root. Auxin appears to modulate the magnitude of this antigravitropic-offset mechanism, thereby controlling GSA [79] .
PIN-protein expression and activity in the cap of developing young lateral roots are important for GSA determination. Early after emergence, only PIN3 is expressed in the columella cells of the Arabidopsis lateral root cap. This PIN3 protein is quickly redistributed asymmetrically toward the bottom side of the statocytes, yielding a lateral gradient of auxin that triggers downward curvature. When the young lateral root reaches its first GSA plateau, PIN3 expression decreases, and PIN4 and PIN7 are activated to low expression levels. Overall, the level of PIN expression in the statocytes is low, and the corresponding proteins are symmetrically distributed in the statocytes, allowing the laterals to continue growing straight along this initial GSA. Subsequently, the PIN4 and PIN7 genes increase their expression, and the corresponding proteins redistribute to the bottom side of the statocytes, again creating a lateral auxin gradient that is responsible for a new round of downward curvature [79] .
Hence, modulation of asymmetric auxin transport in lateral root statocytes appears responsible for the regulation of positive orthogravitropism, although it remains to be established whether GSA determination during regular growth is controlled in a similar way as during a response to plant reorientation within the gravity field. In any case, the regulatory system discussed above may constitute an important target for GSA regulation by developmental and environmental signals, dictating whether a root system will be radially expanded or organized axially [77] .
Conclusion
As summarized in this review, recent research on root gravitropism has yielded important new insights into the molecular mechanisms that govern this complex process. We have a better understanding of the role exerted by the statocytes in gravity sensing and suspect the existence of a secondary mechanism functioning in the distal elongation zone. There is a broad consensus on the role played by amyloplast sedimentation within the statocytes in gravity sensing. Activation of the gravity signal transduction pathway results in a polarization of PIN auxin-efflux facilitators in the statocytes, with accumulation at the lower side. This relocalization appears to promote a preferential lateral transport of auxin toward the lower side of the cap. The resulting gradient translocates to the elongation zone where it promotes differential growth between upper and lower flanks of the root. The curvature response follows a tipping-point mechanism, whose second phase remains enigmatic.
While most primary roots follow an orthogravitropic response, lateral roots tend to grow plagiogravitropically, at least for a while. The corresponding GSA seems determined by the level of auxin present in the root tip, and it correlates with the level of expression of auxin efflux carrier genes within the cap. The GSA associated with lateral roots is a key determinant of rootsystem architecture, defining whether this system will be shallow or deep. It is regulated by genetic and developmental parameters within the plant, as well as environmental conditions such as the nutrient status or stress.
Many questions remain unanswered. For instance, the receptors involved in converting information derived from amyloplast sedimentation into a biochemical signal within the statocytes have not been identified, and the second messengers that contribute to this response have not been functionally characterized. It is unclear whether PIN3/7 relocalization within the statocytes upon gravity sensing is driving the formation of a lateral auxin gradient across the cap, rather than (or in addition to) being a consequence of differential activation of the transporter at the lower side of the cell. Functionally redundant auxin transporters are yet to be characterized. The secondary mechanism of gravity sensing known to function in the transition zone of roots remains ill-defined.
During a gravitropic curvature, the molecular mechanisms that govern differential cell elongation in response to the lateral auxin gradient remain poorly understood, in part because the key regulators of cell wall loosening and/or other aspects of anisotropic cell expansion are functionally redundant. The mechanisms that modulate the second phase of curvature following the tipping point remain completely uncharacterized. Finally, the mechanisms that regulate lateral-root GSA determination in response to nutrient availability, environmental conditions, and developmental status of the plant, remain nebulous.
Although many questions remain unanswered, several novel tools are available to answer them. For instance, the recent revolution in genome editing should help in the identification of key genes involved in each step of the pathway [80] . Similarly, the development of novel sensors allowing detection of signaling molecules (Ca 2+ , H + , InsP 3 , NO and ROS) along with novel microscopy approaches [81, 82] should allow the development of better spatio-temporal maps of signal evolution during a gravitropic response. Furthermore, an integrated analysis of root gravitropism using state-of-the-art approaches in forward and reverse genetics, genome-wide association studies, integrated transcriptomic, proteomic and metabolomic approaches, and real-time imaging associated with biological sensors should also yield a more comprehensive understanding of the processes involved in gravitropism. Coupling these data with new mathematical models that attempt to explain quantitative aspects of the gravitropic response by integrating some of its contributing factors will provide the foundation for a holistic view of the process [12] .
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